Animals and humans display two types of response to noxious stimuli. The first includes reflexive defensive responses that prevent or limit injury; a well-known example of these responses is the quick withdrawal of one's hand upon touching a hot object. When the first-line response fails to prevent tissue damage (for example, a finger is burnt), the resulting pain invokes a second-line coping response-such as licking the injured area to soothe suffering. However, the underlying neural circuits that drive these two strings of behaviour remain poorly understood. Here we show in mice that spinal neurons marked by coexpression of TAC1
. We used Tac1 cre knock-in mice to characterize spinal TAC1-lineage neurons. Crossing Tac1 cre mice with tdTomato reporter mice revealed that 45.3 ± 3.3% of TAC1
Cre -tdTomato + neurons expressed Tac1 mRNA persistently, and 83.9 ± 2.1% of Tac1 mRNA + neurons coexpressed tdTomato (Fig. 1a) . Most TAC1 CretdTomato + neurons are excitatory (Extended Data Fig. 1a-c) . The neurokinin receptor NK1R marks most ascending-projection neurons in lamina I (ref. 5 ), 36.6 ± 4.6% of which were labelled by tdTomato (Fig. 1b) . To assess ascending projections, we produced intersectional Tac1 Cdx2 -tdTomato mice, in which Flpo is driven from the Cdx2 gene locus and marks spinal neurons 6 ; as such, all tdTomato + fibres in the brain originate from spinal TAC1 CDX2 neurons defined by develop mental co-expression of TAC1
Cre and CDX2 Flpo (Extended Data Fig. 1d , e). As a control, we labelled all spinal ascending projection neurons by crossing Cdx2
Flpo mice with tdTomato reporter mice. We first examined thalamic nuclei. The ventral posterolateral nuclei, which receive inputs from the spinal cord, are required for sensory discrimination and to process the unpleasantness evoked by transient, moderately noxious stimuli 7 . The medial thalamic complex is required to process the unpleasantness evoked by sustained, intensely noxious stimuli [1] [2] [3] . TAC1 CDX2 -marked fibres rarely innervate the ventral posterolateral nuclei (Fig. 1c, Extended Data Fig. 1f ), in contrast to the extensive innervation by CDX2 Flpo -marked fibres (Extended Data Fig. 1f ). The medial thalamic complex is composed of: (i) the medial and lateral habenular nuclei, (ii) the paraventricular thalamic nucleus and (iii) the medial thalamic nuclei composed of the dorsal, central and ventral sub-nuclei (Fig. 1d, e) . Whereas CDX2 Flpo -marked fibres innervated all of these midline nuclei (Extended Data Fig. 1g, h ), TAC1
CDX2
-marked fibres displayed selective innervations in paraventricular and medial thalamic nuclei (Fig. 1d) , as well as the most-medial part of the lateral habenular nuclei (Fig. 1d, arrows) . Thus, TAC1
Cre marks a subset of spinothalamic projection neurons that terminate predominantly within the medial thalamic pathways (Fig. 1f) .
The pontine lateral parabrachial nuclei serve as another key relay station [8] [9] [10] [11] , one which is organized along the dorsoventral axis. The external lateral parabrachial nuclei (PBel) that are located in the most-ventral position are marked by the expression of the calcitonin-generelated peptide (CGRP) and send neuronal projections to the amygdala; they are crucial for rapid defensive reactions to external threats 8 . The dorsoventral lateral parabrachial nuclei (PBdvl) are involved in behavioural thermoregulation 10 , and the superior lateral parabrachial nuclei (PBsl) located in the most dorsal position are activated by painful stimuli (see below). We found that TAC1 CDX2 -marked fibres pass through the area lateral to PBel and PBdvl (Fig. 1g, h) , and terminate at PBsl (Fig. 1g) . As a control, CDX2 Flpo -marked fibres innervated all subnuclei (Extended Data Fig. 1i) . A selective synaptic connection between TAC1 neurons and PBsl was confirmed by using the presynaptic bouton marking technique 12 , and by performing electrophysiological recordings following optogenetic stimulation of terminals derived from spinal TAC1-lineage neurons (Extended Data Fig. 2a-d) . Furthermore, retrograde labelling confirms that TAC1
Cre marks subsets of spinoparabrachial and spinothalamic projection neurons (Extended Data Fig. 3a, b) . Notably, PBsl sends projections to the medial thalamic nuclei but not to the amygdala (Extended Data Fig. 3c, d ). Thus, spinal TAC1-lineage neurons include ascending projection neurons that are both directly and indirectly connected to medial thalamic nuclei.
To carry out functional studies, we used an intersectional genetic strategy 6,13,14 to express the human diphtheria toxin receptor DTR in spinal neurons defined by the coexpression of TAC1
Cre and LBX1 ). Mice in which TAC1
LBX1 neurons were ablated-and which additionally carried the tdTomato reporter allele-were generated following diphtheria toxin injections, which resulted in an 88% reduction of spinal tdTomato + neurons (Fig. 2a) . Ablation was also observed in trigeminal nuclei, but not dorsal root ganglia or other brain regions (Extended Data  Fig. 4b ). Ablation of TAC1 LBX1 neurons did not affect sensorimotor coordination or responses to innocuous tactile stimuli (Extended Data Fig. 4c, d ).
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We next assessed reflexive defensive responses to noxious or threatening stimuli. Mice in which TAC1 LBX1 neurons were ablated showed subtle but insignificant changes in withdrawal thresholds to punctate mechanical force evoked by von Frey filaments (Fig. 2b) , in contrast to the abolition of such reflexes upon ablation of spinal somatostatinlineage neurons 13 . The ablated mice also displayed normal, or subtle but insignificant changes in, withdrawal latencies to noxious cold (Fig. 2c) or heat (Fig. 2d , e) stimuli. Consistent with their sparse innervations to PBel and PBdvl, TAC1 LBX1 neurons were dispensable for defensive reactions mediated by these nuclei. CGRP + neurons in PBel are required to produce jumping when mice are confined to a 56-°C hot plate 8 , and this escape response remained intact (Fig. 2f) . PBel neurons also mediate freezing reactions following fearful events 8 . In an inescapable chamber, both control mice and mice in which TAC1 LBX1 neurons were ablated displayed similar degrees of freezing immediately following repeated electric shocks (Fig. 2g) . This was also true after the mice were brought back 30 min or 2 days later (Fig. 2g) , which indicates that the development of conditioned fear memory to threatening events was normal. Neurons in PBdvl are necessary for behavioural thermoregulation 10 , and control and ablated mice displayed indistinguishable temperature preferences (Fig. 2h) . Thus, TAC1 LBX1 neurons are largely dispensable for reflexive defensive responses to external threats.
We next assessed the behavioural responses that are evoked by prolonged noxious stimuli that should produce tissue damage and pain perception. We first placed individual mice in a hot or cold plate chamber until the cut-off time. On the 46-47-°C hot plate, wild-type mice showed temporally segregated behaviours, with paw lifting (often coupled with flinching) that preceded paw licking; the onset of licking correlated with Fos induction in TAC1
Cre -marked neurons (Extended Data Fig. 4e, f) . Licking probably represents a form of coping behaviour that serves to soothe suffering invoked by pain, potentially via the activation of low-threshold mechanoreceptors that provide a gate control of pain 15, 16 . Mice in which TAC1 LBX1 neurons were ablated showed an abolition of the licking responses evoked by noxious thermal stimulation (Fig. 3a, b) . The transient receptor potential channel TRPA1 serves as a sensor of tissue injury 17, 18 . Intraplantar injection of mustard oil-a TRPA1 agonist that, in humans, produces sustained burning pain 19 -resulted in licking responses that lasted for 15 min in control mice, but virtually none in ablated mice (Fig. 3c) . We further developed a model of the pain associated with hindpaw burn injury, which led to persistent licking throughout the 30-min post-injury period. Once again, this coping response was greatly reduced in mice in which TAC1 LBX1 neurons were ablated (Fig. 3d) LBX1 neurons were ablated (TAC1 LBX1 -Abl) showed a loss of spinal TAC1
Cre -tdTomato + neurons (control mice, n = 4, neurons, 97 ± 7; TAC1 LBX1 -Abl mice, n = 4, neurons, 11 ± 3; P < 0.001). Arrow, a remaining cell; arrowhead, processes from un-ablated primary afferents. Scale bars, 100 μm. b-e, Reflexive response tests. No significant (NS) differences in withdrawal responses to von Frey filament (b, P = 0.09), cold (c, P = 0.07), radiant heat (d, P = 0.44) or hot plate (e, P = 0.11, 0.28 and 0.12 for 47 °C, 50 °C and 56 °C, respectively) stimulus (control (ctrl), n = 13, 15, and 12 mice for b, c and d, respectively; e, n = 10, 12 and 14 mice for 47 °C, 50 °C and 56 °C, respectively; TAC1 LBX1 -Abl, n = 12, 13 and 14 mice for b, c and d, respectively; e, n = 9, 15 and 12 mice for 47 °C, 50 °C and 56 °C, respectively). f, Comparable jumping evoked by 56-°C hot plate (control and TAC1 LBX1 -Abl, n = 12 mice, P = 0.80). g, Foot shock test. Control (n = 9 mice) and TAC1 LBX1 -Abl (n = 10 mice) groups showed no difference in freezing episodes by three repeated electrical stimulations (ES) (two-way ANOVA, P = 0.86), and no difference during recall phases (two-sided t-test: 0.5 h, P = 0.10; 48 h, P = 0.58; mean ± s.e.m.). BL, baseline. h, Two-plate preference tests. No difference in time spent at the test versus the set temperatures (control, n = 11 mice; TAC1 LBX1 -Abl, n = 10 mice; P = 0.10, 0.33, 0.69, 0.67 and 0.28 for test temperatures at 15 °C, 30 °C, 40 °C, 50 °C and 0 °C, respectively). P values in a-f, h calculated by two-sided t-test. Data shown as mean ± s.e.m.
finding suggests the existence of pain pathways that are independent of TAC1 LBX1 neurons (Extended Data Fig. 5 ). Next, we assessed perceptions and behaviours invoked by sustained noxious mechanical stimuli. We performed human psychophysical studies that showed that pinching skin with an alligator clip evokes pain perception that has pricking, aching and burning components (Extended Data Fig. 6 ). Both the continuous pain ratings in humans and the licking behaviour in mice reach a peak within 10-15 s, and are maintained at peak levels throughout the remaining one-minute period (Fig. 3e ). This persistent licking was virtually abolished in mice in which TAC1 LBX1 neurons were ablated (Fig. 3f , Supplementary Videos 1, 2). Consistent with this finding, pinch-induced Fos expression in the dorsal spinal cord and in two brain nuclei innervated by spinal TAC1-lineage neurons-that is, PBsl and the medial thalamic complex-was greatly attenuated in ablated mice (Extended Data Fig. 7a-d) . This selective loss of sustained coping responses indicative of affective pain mimics phenotypes seen in humans with lesions in medial thalamic nuclei 1, 2 , which is consistent with a direct and indirect connection of spinal TAC1 neurons to these nuclei (Fig. 1) .
The differential effect of ablation of TAC1 LBX1 neurons on distinct strings of behaviours was also apparent for stimuli that produce itch-related scratching. Short-lasting scratching evoked by external tactile stimulation may have evolved as a defensive reaction to remove insects or parasites that are touching the skin 14 . This defensive behaviour-evoked by light punctate stimulation onto the skin behind an ear-was preserved in mice in which TAC1 LBX1 neurons were ablated (Extended Data Fig. 7e ). By contrast, persistent scratching caused by inescapable intradermal exposure to pruritic compounds was greatly attenuated in ablated mice (Extended Data Fig. 7f) ; this is consistent with extensive innervations of spinal TAC1 neurons to PBsl, which are part of the parabrachial nuclei that process chemical itching 11 . Thus, for the stimuli tested so far (regardless of whether they are thermal, mechanical or pruritic), spinal TAC1 LBX1 neurons are dispensable for reflexive defensive reactions to external threats, but necessary for coping behaviours that are directed towards sustained, inescapable injury or irritation of the skin.
Because sustained skin pinching produces pain and discomfort (Extended Data Fig. 6 ), we postulated that this pinching should LBX1 -Abl mice (control, n = 8 mice; TAC1 LBX1 -Abl, n = 6 mice; P < 0.001). d, Reduced licking evoked by hindpaw burn injury (control, n = 6 mice; TAC1 LBX1 -Abl, n = 5 mice; two-sided t-test, P = 0.001; mean ± s.e.m.). e, Skin pinching tests. Left, continuous pain ratings during a one-min period (human subjects, n = 25). Right, licking time course in wild-type mice (n = 10), counted every 5 s within a one-min period. f, Loss of pinch-evoked licking in TAC1 LBX1 -Abl mice (control and TAC1 LBX1 -Abl, n = 8 mice; P < 0.001). g, Left, hindpaw skin pinch-induced CPA in control male mice (sham handling group, n = 7 mice; pinched group, n = 8 mice; two-sided t-test, P < 0.001; mean ± s.e.m.), and CPA loss in TAC1 LBX1 -Abl mice (pinched control and TAC1 LBX1 -Abl, n = 8 mice; two-sided t-test, P < 0.001; mean ± s.e.m.). Right, radiant heat did not generate CPA (control and TAC1 LBX1 -Abl, n = 6 mice; two-sided Mann-Whitney rank-sum test, P = 0.234, mean ± quartile). h, Left, intraspinal adeno-associated virus (AAV) injection and PBN implantation of the optic fibre in adult Tac1 cre mice. Blue light was on (30 Hz, 20-ms pulse width, 10 mW) whenever a mouse entered compartment b. Middle and right, optogenetic activation of terminals in PBN (control RFP mice, n = 8; ChR2 mice, n = 9) induced both acute avoidance (middle, two-way ANOVA followed by two-sided post hoc Bonferroni's t-test, *P = 0.012, **P = 0.002) and CPA 24 h later (right, two-sided t-test, P < 0.001; mean ± s.e.m.). The x axis of the middle panel is bins of minutes (0-5 min, 5-10 mins and 10-15 mins; upper limits are not included in the bin). a-c, f, Two-sided Mann-Whitney rank-sum test, data shown as mean ± quartile.
Letter reSeArCH produce strong negative teaching signals that allow animals to learn to avoid such stimuli. To test this, we developed a pinch-evoked conditioned place aversion (CPA) assay (Extended Data Fig. 8a, b) . After four training sessions, both male and female control littermates showed an aversion to the pinch-paired compartment and-as a control-sham handling did not produce CPA (Fig. 3g, Extended Data Fig. 8c ). Mice in which TAC1 LBX1 neurons were ablated were largely insensitive to this conditioning (Fig. 3g, Extended Data Fig. 8d ). As a further comparison, repeated radiant heat stimuli-which elicited escapable withdrawal responses (Fig. 2d )-failed to produce CPA in either control or ablated mice (Fig. 3g) . Thus, TAC1 LBX1 neurons are necessary for conditioned learning and/or memory evoked by stimuli that produce sustained pain.
We next assessed whether activation of TAC1
Cre -expressing ascending terminals was sufficient to produce CPA. We used virus approaches to drive the expression of channelrhodopsin-2 fused with yellow fluorescent protein (ChR2-EYFP) or a red fluorescent protein (RFP) control, in adult lumbar spinal neurons that express TAC1
Cre (Fig. 3h , Extended Data Fig. 9a ). Using a two-chamber avoidance assay 9 , we found that optogenetic activation of TAC1
Cre -expressing terminals in PBsl induced robust avoidance during training sessions and post-training aversion to the stimulated chamber ( Cre -expressing ascending projection neurons produced sufficient negative teaching signals and aversive memory for CPA manifestation.
We next asked whether the anatomical and functional segregation observed at the spinal level applies to primary sensory neurons, by re-visiting two largely non-overlapping nociceptors marked by the expression of MRGPRD . Conversely, ablation of TRPV1 + terminals did not affect withdrawal responses to von Frey filament and noxious cold stimulations, but caused a reduction in licking evoked by skin pinching, cold or hot plate stimulation, or skin burn injury ( + terminals, which suggests a functional connection between these neurons (Extended Data Fig. 10d ). It should be noted that, although TRPV1 + nociceptors are required for both reflexes and licking evoked by noxious heat, separate subsets might be involved with each of these behaviours (Extended Data Fig. 10) . Thus, by using coping rather than reflex assays, we have found the reverse of a previously held conclusion 20 : TRPV1
+ rather than MRGPRD + nociceptors are required to drive acute sustained mechanical pain. Our findings could explain the long-standing puzzle that, in response to skin pinching in humans, first-wave firing by polymodal nociceptors (probably including MRGPRD + -like neurons) does not correlate with pain ratings 25 : pain ratings instead correlate with the firing of capsaicin-sensitive silent nociceptors that gain mechanical sensitivity during prolonged noxious stimuli 26, 27 . In summary (Fig. 4d) , our studies reveal a fundamental subdivision within the cutaneous somatosensory system that consists of separate pathways for driving reflexive defensive versus coping responses. These two strings of behaviours reflect exteroception (that is, sensitivity to external threats) versus interoception (that is, sensitivity to internal body injury), and serve to prevent or limit injury versus soothe suffering, respectively. Notably, the concurrent loss of licking or scratching evoked by inescapable noxious mechanical, heat, cold and pruritic stimuli suggests that spinal TAC1 LBX1 neurons as a whole populationwhich should include both projection neurons and interneurons-have a general role in driving the affective component of sustained pain or itch in a manner that is independent of sensory modality. Our findings challenge the validity of using reflexive defensive responses to measure + terminals in superficial spinal lamianes following intrathecal (i.t.) capsaicin injection. Scale bars, 100 μm. c, Top, reduced reflexive responses to von Frey filaments in mice in which MRGPRD neurons were ablated (MRGPRD-Abl) (control and MRGPRD-Abl, n = 8 mice; two-sided t-test, P = 0.002), without affecting pinch-evoked licking (control, n = 7 mice; Abl, n = 8, two-sided t-test, P = 0.150). Middle and bottom, mice in which the TRPV1 + terminal was ablated (TRPV1-Abl) (vehicle and capsaicin groups, n = 9 mice) showed reduced licking by pinch (two-sided t-test, P < 0.001) or cold-plate (Mann-Whitney rank-sum test for licking episode, P = 0.002; χ 2 test for incidence of mice with licking, control, 9 out of 9; TRPV1-Abl, 3 out of 9; χ 2 0.95,(1) = 9, P = 0.003), without affecting withdrawal responses (two-sided t-test; von Frey, P = 0.797; cold plantar test, P = 0.060). d, Summary of two pathways for driving sustained pain-associated coping behaviours versus reflexive defensive reactions to external threats. A and B represent separate primary sensory neurons.
A includes TRPV1
+ neurons required for licking evoked by pinch, noxious cold or heat, and skin burn injury, and B includes MRGPRD + neurons for reflexes evoked by von Frey filaments (for additional discussion, see Extended Data Fig. 10 ). Data are presented as mean ± s.e.m., except for the cold plate test (median ± quartile).
Letter reSeArCH sustained pain, and their wide use for decades may have contributed to poor translation from preclinical studies to the development of new pain medicine 28, 29 , echoing a similar argument for the field of anxiety studies 30 . ;Ai14 mice. To test ablation efficiency, we used 4 pairs of 12-week-old control and ablated mice. For each behavioural analysis, 6-15 pairs of 10-14-week-old ablated and control mice-including males and females-were used. Mice were randomly assigned into treatment groups and behaviour responses were measured in a blinded manner. Intrathecal capsaicin injection. Eight-week-old 129 wild-type mice (JAX, 002448) were anaesthetized with 2% isoflurane and injected with 5 μl capsaicin (intrathecal, 10 μg, Sigma, M2028) or vehicle (10% ethanol and 10% Tween-80 in saline) at the pelvic girdle level. Behavioural tests were performed between 7 and 14 days later. Fluorogold retrograde labelling. Adult Tac1 cre -tdTomato mice were anaesthetized by intraperitoneal injection of a ketamine-xylazine mixture (87.5 and 12.5 mg per kg, respectively). The head was mounted on the stereotaxic frame (Stoelting). After surgical exposure of the brain surface, 0.3 μl fluorogold (fluorochrome, 2% in sterilized water) was injected into the medial thalamic complex (anterior-posterior (AP), −1.58 mm; medial-lateral (ML), 0 mm; dorsal-ventral (DV), −2.5 mm from brain surface) or lateral parabrachial nucleus (AP, −5.1 mm; ML, −1.3 mm; DV, −2.3 mm from brain surface) via a glass micropipette driven by a picospritzer. The animals recovered for seven days before tissue collection.
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Electrophysiological recording. The brains from 6-week-old Tac1
Cdx2 -CatCh mice-the generation of which is described in Extended Data Fig. 2 -were freshly dissected and coronally sectioned using a Leica-VT1000s vibratome at 400-μm thickness in ice-cold modified artificial cerebrospinal fluid, as previously reported 24 . Brain slices that covered parabrachial nuclei (bregma −5.20 ± 0.20 mm) were incubated in the recording solution as previously reported 24 , for at least 1 h in room temperature. The brain slice was then transferred into a recording chamber and perfused with oxygenated recording solution as previously reported 24 . The location of PBsl and PBel subnuclei were visually identified under bright field and neurons within the target area were randomly picked and patched extracellularly. The 473-nm blue light (0.2 Hz, 20-ms wave width, 10 mW) was delivered and the responses were recorded at voltage clamp mode (holding membrane potential at −70 mV) and then at current clamp mode. Intraspinal AAV viral injection. The Cre-dependent AAV plasmids phSyn-1(S)-FLEX-tdTomato-T2A-SypEGFP-WPRE (51509) and pAAV-EF1α-DIOhChR2(H134R)-EYFP-WPRE-HGHpA (AAV-DIO-ChR2, 20298) were acquired from Addgene. The hChR2(H134R)-EYFP fragment was replaced by a RFP cassette to generate plasmid pAAV-EF1α-DIO-RFP-WPRE-HGHpA. These three plasmids were then packed in the AAV2/8 serotype at the Boston Children's Hospital Viral Core, at the titres of 1.06 ×10 15 gc/ml, 5.776 × 10 13 gc/ml and 4.520 × 10 13 gc/ml, respectively. Adult Tac1 cre mice were anaesthetized by ketamine-xylazine (see 'Fluorogold retrograde labelling'). Lumbar vertebrae were exposed by laminectomy, and the AAVs were infused bilaterally into the lateral border of the grey and white matter of the dorsal horn (3 spots for each side, 0.3 μl/spot), at 300 μm from dorsal surface and with 500-μm interspaces. AAVs were delivered by picospritzer via a glass micropipette. The tip was left in the spinal cord for additional 5 min before being pulled out. After a three-week recovery, mice were used for optogenetic studies (see below) or euthanized for histochemical studies. Stereotaxic optic fibre implantation. Under anaesthetic conditions, the mouse head was mounted on the stereotaxic frame as described above. After brain exposure, an optical fibre (material: Ceram; ferrule OD 2.5 mm; fibre core, 400 μm; fibre length, 3.0 mm; ThorLabs) was implanted above the PBsl (AP, −5.1 mm; ML, −1.3 mm; DV, −2.3 mm from brain surface) or above the medial thalamic complex (AP, −1.58 mm; ML, 0 mm; DV, −2.5 mm from brain surface). The optic fibres were secured by mounting dental cement on the skull. After a one-week recovery, mice were subjected to behavioural studies, or Fos induction analyses following optogenetic stimulations. Histology. Mice were euthanized by CO 2 and then perfused with 4% paraformaldehyde prepared in 1× PBS, pH7.4. The brain, spinal cord and lumbar dorsal root ganglia were dissected and processed (25-μm thickness for brain sections, 16-μm for spinal cord and dorsal root ganglia sections) for immunofluorescent staining as previously described 13, 24 . To investigate pinch-or blue-light-induced Fos expression, mice were euthanized 120 min after stimulation, and post-fixed brains were sectioned with vibratome at 75-μm thickness. Free-floating sections were performed to detect Fos + cells using the VECTASTAIN Elite ABC Kits (Vector Labs, PK-6101). For co-staining of ChR2-EYFP with CGRP in PBN, after visualizing ChR2-EYFP + fibres using nickel-DAB solution (dark blue), brain slices were incubated with mouse anti-CGRP for 16 h at 4 °C. Sections were then washed with PBS with Tween 20 and incubated with HRP-conjugated goat-anti-mouse secondary antibody for 1 h at room temperature. CGRP + signals (brown) were visualized with DAB in PBS containing 0.03% H 2 O 2 . Colour images were taken using a Leica DMLB microscope.
Primary antibodies were rabbit anti-Fos (Millipore, ABE457, 1:1,000 for immunofluorescent and 1:5,000 for DAB staining), rabbit anti-CGRP (Millipore, PC205, 1:1,000), mouse anti-CGRP (Sigma, C7113, 1:1,000), rabbit anti-GFP (Invitrogen, A11122, 1:1,000), rabbit anti-NK1R (Sigma, S8305, 1:1,000), rabbit anti-TRPV1 (Alomone Labs, ACC-030, 1:1,000). Secondary antibodies: goat anti-rabbit IgG-Alexa 488 (Invitrogen, A11034, 1:500), biotinylated goat-anti-rabbit IgG (Vector Labs, BA-1000, 1:1,000) and HRP-conjugated goat-anti-mouse IgG (Bio-Rad, 1706516, 1:1,000).
In situ hybridization combined with immunohistochemistry procedures were performed as previously described 33, 34 . Behavioural tests. For all behavioural tests, animals were habituated for 30 min per day consecutively for 3 days before testing. The experimenters were blinded to genotypes and treatments. The subsequent statistical analyses included all data points; no methods were used to predetermine sample sizes. Littermates were used as control.
The following behavioural assays were performed as previously described 6,13,24, [35] [36] [37] : rotarod, light touch (brush), radiant heat (Hargreave's), cold plantar test (dry ice), hot plate, cold plate, von Frey filament test, two-plate temperature preference test, and touch-or chemical-compound-induced scratching test. In hot and cold plate tests, hindpaw lifting coupled with flinching was used to determine withdrawal latencies, followed by determining the duration of licking. Different cutoffs were set for each hot or cold plate test: 4 min for 46 °C, 3 min for 47 °C, 1 min for 50 °C, 30 s for 56 °C and 5 min for 0 °C. For Fos induction by different hot plate temperatures (see below), the cutoff was 3 min for both 46 °C and 50 °C.
For touch-evoked scratching behaviour, each mouse was lightly anaesthetized by 2% isoflurane and the hairs behind the ear were shaved. After recovering from anaesthesia, animals were placed into the test chamber for a 1-h habituation. A von Frey filament (0.07 g) was used to poke the shaved skin area. The incidence of scratching responses in ten trials was determined for each mouse.
Mustard oil test was performed by intraplantar injection to one hindpaw (Sigma, 377430-5G, 0.15% in saline, 20 μl/animal). The capsaicin test was performed similarly (Sigma, M2028, either 3 μg or 0.03 μg/animal in 10 μl saline containing 10% ethanol and 10% Tween-80). Animals were video-recorded for 15 min (mustard oil) or 5 min (capsaicin) to determine licking durations.
The pain test for skin burn injury was performed by immersing the distal half of the right hindpaw of the mouse into a 60-°C water bath for 30 s under deep anaesthesia condition (3% isoflurane inhalation via a precise vaporizer). Each mouse was placed in an observation chamber (7.5-cm long × 7.5-cm wide × 7.5-cm high) to recover from anaesthesia (which took about 5 min), and then video-recorded for 30 min to determine licking durations. The mice were euthanized immediately, because pilot studies had shown that necrosis would have developed within 3 days.
For pinch assay, each mouse was confined in a plexiglass chamber (10-cm long × 10-cm wide × 12-cm high) placed onto a glass, allowing video recording from the bottom. An alligator clip (Amazon, 'Generic Micro Steel Toothless Alligator Test Clips 5AMP') producing 340g force (see 'Skin pinch study in human subjects' for force calculation) was applied to the ventral skin surface between the footpad and the heel (Extended Data Fig. 8a ). The animal was placed back into the chamber and video-recorded for 60 s to determine licking duration.
To measure pinch-evoked negative valence, we developed a CPA assay. The CPA chamber (30-cm long × 30-cm wide × 20-cm high) included compartments a and b. In compartment a, the wall was black plexiglass and the floor was made up of a set of stainless steel bars (3 mm in diameter, 1-cm interval between bars); Letter reSeArCH in compartment b, the wall was decorated with black and white vertical strips of 1-cm width, and the floor was made up of a piece of stainless steel with 8-mmdiameter holes. The procedure included three sessions: baseline measurement (day 1), training (days 2-5) and test (day 6). On every training day, in the morning each mouse was confined in compartment a, and was grabbed three times with a 5-min interval between each handling session, without pinch stimulation; in the afternoon, each mouse was confined to compartment b, and received three trials of hindpaw skin pinching (1 min for each trial, with 4-min interval between each trial). For baseline and test-day measurement, each mouse had free access to both compartments for 15 min, and the time spent in compartment b was determined. A set of wild-type littermates was used as sham control; these mice received grabbing without pinching in both chambers. For radiant-heat-evoked CPA measurement, each training session contained 15 trials of radiant heat stimulation to the hindpaw. In our radiant heat test, the average withdrawal latency for wild-type mice was ~12 s; as such, the total stimulation time (12 × 15 = 180 s) matched the total duration of skin pinching for the pinch-evoked CPA assay.
In foot shock test, animals were habituated for three days. On test day, each mouse was allowed to freely explore a customized foot shock chamber for 5 min, followed by three consecutive electric foot shocks (0.5 mA, 2-s duration, 3-min interval). The mice were returned to their home cage. Both 30 min and 48 h later, we then performed recall tests by placing mice back into the shock-paired chamber. The mice were video-recorded, and freezing episodes were defined as complete absence of movement except for animal breathing, which was automatically judged and analysed by ANY-maze behaviour tracking software using default settings (freezing 'on' threshold score = 30, freezing 'off ' threshold score = 40, minimum freeze duration = 250 ms). The electric shock was delivered by a stimulator (Model 3800, A-M Systems) and an isolator (Model #3820, A-M Systems). Two-trial avoidance task with optogenetic activation. Tac1 cre mice with intraspinal injection of either AAV-DIO-ChR2 or AAV-DIO-RFP were used for the PBN optogenetic activation test. A four-day training programme was performed. The apparatus was similar as that used for the pinch-induced CPA, with small modification of texture cues: in compartment a, the floor was composed of thinner stainless steel bars (1 mm in diameter, 2-mm interval); in compartment b, the floor was made up of a piece of wire mesh with grid of 5 mm × 5 mm. Mice had no initial preference for either one of the two compartments (compartment a, 436 ± 26 s versus compartment b: 464 ± 26 s, n = 9 mice, two-sided paired t-test, P = 0.604). On day 1 and day 4, each mouse was allowed to freely explore the chamber for 15 min. Avoidance training sessions (15 min/trial) were performed on day 2 (trial 1) and day 3 (trial 2). When a mouse walked into and stayed in the paired compartment, the 473-nm blue light (30 Hz, 20-ms pulse width, 10 mW, Opto Engine, Laser Model PSU-III-LED) was delivered to PBN. The laser was turned off immediately after the mouse left the paired compartment with its four paws. Mice were video-recorded and the times spent in the blue-light-paired compartment were calculated. The aversion score was calculated by the reduction of time spent in blue-light-paired compartment on day 4 (t 2 ) in comparison with day 1 (t 1 ), or during the trials.
The Tac1
Cdx2
-CatCh and control Tac1
-GFP mice were used for optogenetic activation of terminals derived from spinal TAC1 Cre -marked neurons in the medial thalamic complex. The same programme was performed as described above. Fos induction. To study heat-evoked Fos expression, each mouse was placed on a 46-°C or 50-°C hot plate for 3 min. To study the pinch-evoked Fos expression in the spinal cord, each mouse was first habituated as it did for the pinch behavioural assay (see 'Behavioural tests'), and 3 trials of a 30-s hindpaw skin pinch was applied, with a 5-min interval between pinches.
To study pinch-evoked Fos expression in the brain, we had to minimize background Fos expression. To do this, each mouse was housed alone for three days; animals were subjected to gentle grabbing and holding for 10 s, 5 times every day in their home cages, and the mouse was also placed into a new empty cage individually for 120 min, before returning to the original home cage. On the test day, each mouse was habituated in the aforementioned empty cage for 30 min, and a single trial of a 180-s skin pinch was applied to left hindpaw.
To study blue-light-induced Fos expression, each mouse expressing ChR2, RFP, CatCh or GFP was habituated in the CPA apparatus for 4 h, and then received a 15-min (20-s light on, with 40-s light off interval) blue-light stimulation (30 Hz, 20-ms pulse width, 10 mW).
After pinch or blue-light stimulation, animals were kept in the same apparatus for 120 min, and spinal and brain tissues were then processed as described above. Skin pinch study in human subjects. The protocols for the recruitment and testing of human subjects were approved by the Yale University Human Investigative Committee. Twelve healthy women and thirteen healthy men gave their written, informed consent to participate in the study. The aim was to measure the time course, magnitude and quality of pain sensation reported by humans when pinched by the alligator clip used in similar fashion to test pain-like behaviour in mice. First, the force applied by the clip was measured in the Yale Medical School machine shop (by A. DeSimone): With the bottom jaw of the clip fixed in a milling machine, a wire attached at one end to the upper jaw (strengthened to prevent bending) and the other end of the wire attached to a digital force-measuring device, the minimal lifting force required to achieve an opening or gap of 0.1 mm between the jaws was 340g (approximately the width of the skin fold between the jaws when the clip was applied to the hindpaw skin of a mouse). A force of 440g was required for an opening-gap of 1 mm (approximately the width of the skin fold between the jaws when the clip was applied to the forearm skin of the human subject with 3-4-mm length of skin on each side). Next, we measured nociceptive sensations. The 25 subjects were instructed to use the generalized labelled magnitude scale (GLMS) 38, 39 to make continuous ratings of the maximal perceived intensity of pain evoked during a one-minute pinch produced by the alligator clip, as applied to a fold of skin on the mid-volar forearm. The GLMS was displayed on a computer screen and consisted of a vertical, thermometer-like scale with labels spaced quasi-logarithmically along its length-from 'no sensation' at the bottom, through 'barely detectable' , 'weak' , 'moderate' , 'strong' and 'very strong' , to 'strongest imaginable sensation of any kind' at the top. The subject was told to rate continuously the maximal perceived intensity of pain regardless of its sensory quality by moving a cursor along the scale by means of a computer mouse. Subjects ratings were recorded continuously every 100 ms of the 1-min pinch stimulation period, and evaluated and displayed as pain rating over time. The area under the curve for the whole 1-min pinch stimulation for each subjects' rating was calculated using GraphPad Prism 7. After the clip was removed, the subject was asked to rate the maximal perceived intensity of each of four aversive qualities of cutaneous sensation associated with the pain they had just experienced (that is, itch, pricking or stinging, burning and aching). Then, they were asked to rate the intensity of any feeling of discomfort associated with this maximal sensation. The advantage of the GLMS is that it allows the perceived intensities of different cutaneous qualities to be compared on a common scale [40] [41] [42] . Before testing, the subjects were told that they might or might not experience one or more of these sensory qualities. Statistics. Statistical analyses were performed by using SigmaStat 3.5 and GraphPad Prism 7 software. All datasets were tested for normality for t-test, and if the normality test failed, the Mann-Whitney rank-sum test was used. Results are expressed as mean ± s.e.m. or median ± quartile. P < 0.05 is considered as significant. For the evaluation of ablation efficiency, and pinch-or blue-light-evoked Fos induction, data were subjected to a two-sided Student's t-test. For pinch-evoked Fos in LHb and PBN, data were assessed by two-way ANOVA followed by a post hoc Holm-Sidak's t-test. The χ 2 test was applied to determine the incidence of ventral posterolateral nucleus innervation detected in thalamic sections, the incidence of licking evoked by the cold plate and the incidence of recorded neurons showing activation by optogenetic stimulation. Behaviour data were analysed by using twosided Student's t-test, Mann-Whitney rank-sum test or two-way ANOVA followed by a post hoc Bonferroni's t-test. Human psychophysical data were analysed with a two-sided Student's t-test or Mann-Whitney rank-sum test. The continuous pain ratings over time were analysed by two-way repeated-measures ANOVA (gender × time). No statistical methods were used to predetermine sample sizes. Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper.
Data availability
All data are contained in the main text or Supplementary Materials or are available from the corresponding author upon reasonable request. The anterograde tracing data are from the Allen Brain Atlas website (http://connectivity.brain-map.org/).
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Extended Data Fig. 1 | Neurotransmitter phenotypes and Cdx2 -tdTomato mice (n = 3), showing that tdTomato + neurons are not detected in the most-rostral cervical levels or in the brain (data not shown), but are detected in the lumbar levels. f, Representative coronal sections (25-μm thick, prepared by cryostat; in comparison with Fig. 1c , which was 100-μm thick, and prepared by vibratome) through the ventral lateral thalamus of Cdx2
Flpo -tdTomato mice (left, n = 3) and Tac1 Cdx2 -tdTomato mice (right, n = 3). Cdx2
Flpo -tdTomato mice were generated by crossing 
Extended Data Fig. 4 | Additional anatomical and LBX1 -Abl mice (control, n = 13 mice; TAC1 LBX1 -Abl, n = 14 mice; two-sided t-test, P = 0.403). d, No detected difference in response rates to gentle hindpaw brushing (out of three tries for each mouse) between control and TAC1 LBX1 -Abl groups (control, n = 13 mice; TAC1 LBX1 -Abl, n = 14 mice; two-sided Mann-Whitney rank-sum test, P = 0.121). e, Wild-type mice showed distinct latencies of lifting or flinching versus licking in response to hot plate stimulation set at 46-47 °C, but no difference at 50 °C (46 °C, n = 10 mice, two-sided paired t-test, P = 0.006; 47 °C, n = 10 mice, two-sided paired t-test, P < 0.001; 50 °C, n = 12 mice, two-sided paired t-test, P = 0.379). In the 46-°C hot plate test, licking responses were rarely observed within the first 3 min. f, Representative immunostaining of Fos in superficial dorsal horn of Tac1 cre -tdTomato mice 2 h after 3-min exposure to the 46-°C or 50-°C hot plate (n = 3 mice for each condition). Cre -ChR2-EYFP + terminals (dark blue) were co-stained with CGRP (brown). Note that the TAC1
Cre -ChR2-EYFP + fibres pass through a region (b1, arrow) lateral to CGRP + PBel (b1, brown), and terminated densely in PBsl (b2). c, Representative images showing Fos expression induced by blue-light stimulation, in PBsl of TAC1
Cre -ChR2 mice; there are far fewer Fos + neurons after blue-light stimulation in control TAC1
Cre -RFP mice, in which viral injection drove the expression of RFP but not ChR2 (ChR2 mice, n = 4; RFP-control mice, n = 5; two-sided t-test, P = 0.012). Cdx2 -CatCh, n = 3 mice; Tac1 Cdx2 -GFP, n = 3 mice; two-sided t-test, P = 0.011). f, The Tac1
Cdx2 -CatCh mice showed a progressive avoidance of the blue-light-paired chamber during two fifteen-minute training trials conducted on two consecutive days (see Methods for details). A two-way ANOVA plus post hoc Bonferroni's t-test showed a progressive avoidance of the paired chamber (Tac1 Cdx2 -CatCh mice, n = 10; Tac1 Cdx2 -GFP control mice, n = 11; trial 1, significant interaction, F (2,38) = 5.067, P = 0.011; trial 2, significant genotype effect, F (1,19) = 6.825, P = 0.017, no interaction, F (2,38) = 0.73, P = 0.489).
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Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
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Data collection
We used ANY-maze behavior tracking software (version 4.96, Stoelting Co.) for analyzing foot shock-evoked freezing in this study.
Data analysis
SigmaStat 3.5 and Graph Pad Prism 7 were used for statistical analysis; Adobe Photoshop was used for image processing For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability
All data is included in the manuscript and available from the corresponding author on reasonable request
